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Abstract This paper presents a method to estimate
soil surface phosphorus (P) budgets for 243 subna-
tional regions in EU28. This is about the maximum
spatial resolution that can be achieved mainly using
international datasets that are regularly updated.
Similar subnational budgets could be established for
nitrogen (N) with some additions to this method.
Increasing the spatial resolution from national to
subnational is one way to address the well-known
issue that national nutrient budgets sometimes mask
considerable heterogeneity, i.e., regional surpluses
and deficits that are not seen in national averages. Our
results indeed show how a rich structure of different P
budgets emerges when moving from national to
subnational level. Another approach is to exclude the
most extensively managed areas from the budgets, to
better represent the surplus in intensive agriculture
areas. Here, we show that both approaches are useful
and sometimes important as they can affect P surplus
estimates by about 10 kg P ha- 1 y- 1 or more. The
choice of spatial resolution is a trade-off between
accuracy and precision. National budgets are the most
accurate thanks to good data coverage, but they
sometimes fail to identify considerable P surpluses
and deficits at subnational level. Increasing the
precision (spatial resolution) gradually reveals this
heterogeneity but comes at the cost of growing data
gaps, which we discuss in detail. These subnational P
surpluses represent a middle ground which may prove
useful as one indicator among others to monitor the
development of environmental risks and resource
problems over time.
Keywords Nutrient budgets  Phosphorus  Surplus 
Regional  Subnational  EU
Introduction
Nutrient budgets are commonly used to monitor
nutrient use efficiency and environmental pollution
risks (Oenema et al. 2003) at spatial scales ranging
from individual fields (van Leeuwen et al. 2019) via
farms (Quemada et al. 2020) and farming systems
(Godinot et al. 2014) up to subnational (Le Noe¨ et al.
2017) and national and continental regions (Eurostat
2013; Lassaletta et al. 2014; Garnier et al. 2015). In
particular, nitrogen (N) and phosphorus (P) budgets
receive most attention because these nutrients are
pivotal for agricultural productivity but also cause
environmental problems (Sutton et al. 2011; Bennett
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and Schipanski 2013) and, in the case of P, because
mineral P resources are limited and a majority of the
reserves are concentrated in a handful of countries
(Bennett and Schipanski 2013; Walan et al. 2014).
A common indicator of these environmental and
resource problems is the nutrient surplus (or nutrient
balance), defined as the difference between inputs and
outputs in a nutrient budget, so that the surplus equals
losses to the environment plus net soil nutrient
accumulation (Oenema et al. 2003). As an environ-
mental indicator the surplus is less sophisticated than
some other alternatives (Schro¨der et al. 2003;
Langeveld et al. 2007), but there is nevertheless a
continued interest in N and P budgets and derived
indicators such as the nutrient surplus, probably
because the necessary data are available for a wide
range of systems and because the surplus after all is
judged as a good-enough indicator for some purposes.
For example, OECD and the EU use national N and P
surpluses to monitor environmental performance in
their member countries (European Commission 2006;
Eurostat 2013; OECD 2013).
However, like any quantitative indicator, the nutri-
ent surplus comes with a few caveats, two of which we
will only mention before looking closer at a third. The
first is a warning against the simple but potentially
deceiving interpretation that a positive surplus implies
environmental pollution while a negative surplus (a
deficit) implies depletion of soil nutrients. A positive
surplus can be explained by soil accumulation and thus
not necessarily imply environmental pollution. And a
negative surplus, although it does imply soil stock
depletion, does not preclude simultaneous losses to the
environment. Further, it is worth to note that typical
annual surpluses of maybe - 10 to ? 30 kg P ha- 1
y- 1 are small compared to total soil P stocks, which in
European natural soils average some
3000–5000 kg P ha- 1 (Yang et al. 2013). In agricul-
tural topsoils (upper 20 cm) in Europe, typically some
50–150 kg P ha- 1 are extractable using the Olsen P
method (To´th et al. 2014). The conclusion is that a
surplus or deficit is neither sufficient nor necessary for
environmental or resource problems and therefore it is
useful to complement with other information on soil
nutrient status and environmental losses when such
information is available (Eurostat 2013; O¨zbek and
Leip 2015). Second, there is no simple relationship
between nutrient losses to the environment and
resulting impacts on the environment and human
well-being. These impacts are multi-dimensional and
depend on where, when, and in what form nutrient
emissions occur, and therefore the surplus is at best an
indicator of potential impacts (Azevedo et al. 2013;
Henryson et al. 2017; Einarsson and Cederberg 2019).
The third caveat, which is the main concern of this
paper, has to do with spatial scale and more generally
with system boundaries. Since a nutrient budget
merely states what crosses its system boundary, it
can mask heterogeneity within that system boundary
and thus fail to identify problematic surpluses and
deficits. By increasing the spatial resolution, for
example, it could be revealed that one half of a system
has a large surplus while the other has a deficit,
although the system as a whole has a surplus close to
zero. The near-zero surplus of the whole system would
not be representative for either part. This type of scale
dependence can be seen going from field to farm scale
(van Leeuwen et al. 2019), from subnational to
national scale (Grizzetti et al. 2007; Le Noe¨ et al.
2017), and from river basin or national scale to
continental scale (Garnier et al. 2015). More
abstractly, the same issue arises for example in the
choice to draw the system boundary strictly around a
livestock farm or extend it to other farms where feed is
grown; the surplus will typically differ between the
extended system and its parts (Godinot et al. 2014; Mu
et al. 2016; Einarsson et al. 2018). Neither system
boundary is ‘‘wrong’’ as such, but different alterna-
tives provide different information. The common
theme here is that spatial and conceptual system
boundaries determine our chances to identify envi-
ronmental problems using nutrient budgets.
In this paper, we consider the step from national to
subnational nutrient budgets in the EU. Eurostat
publishes an annual time series of national N and P
budgets according to the Eurostat/OECD handbook on
nutrient budgets (Eurostat 2013). While these budgets
do contain useful information about nutrient flows in
different countries over time (in many cases back to
1990), it is also known from several subnational
budgets in the EU that the national averages mask a
considerable heterogeneity. For example, Grizzetti
et al. (2007) made N and P budgets for the EU15
countries for the year 2000 with 10 km2 resolution,
Leip et al. (2011) made N budgets for EU27 for the
year 2002 with 1 km2 resolution, Hong et al.
(2012, 2017) applied the NANI/NAPI budget
approach to 53 subnational regions in the Baltic Sea
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catchment, and Le Noe¨ et al. (2017, 2018a, b) have
investigated differences in N and P budgets in France
between national, subnational and farm scale. These
subnational budgets all demonstrate that additional
heterogeneity is often found when increasing the
spatial resolution from national to subnational level.
Here, we establish soil surface P budgets for 243
regions in the EU28 (NUTS2 level in Eurostat’s
nomenclature) for the year 2013. To our knowledge it
is the most updated comparison of national and
subnational P budgets in the EU. As far as possible,
we work with public, international datasets (mainly
Eurostat) that are continually updated, in order to test
how well these datasets support the calculation of
subnational P budgets not only for 2013 but also in the
future. In addition, we take a closer look at the most
important data gaps (permanent grassland yields,
subnational mineral P fertilizer rates, and manure
transports) and show how the choice of reference area
(an example of a conceptual system boundary) may
have different effects on the per-hectare surplus in
different regions. In summary, we aim to provide an
updated comparison of national and subnational P
surpluses in the EU, as well as to identify and highlight
some key points where appropriate data and methods
can improve the accuracy and relevance of subnational
nutrient budgets.
Method
This paper introduces a method to calculate P budgets
for agricultural land at subnational resolution in EU28.
We follow the soil surface approach (Oenema et al.
2003) which accounts for the main P flows crossing
the soil surface layer, i.e., inputs from mineral
fertilizers and manure as well as outputs from crop
harvests. The surplus in a region is calculated as
surplus = mineral fertilizer input ? manure
input - crop output. Our methods and data sources
to estimate these three terms are outlined in Table 1
and described in detail in separate sections below. A
few P flows were excluded because they are small and/
or data are scarce. These are listed and further
discussed in a separate section below.
Most of the data were retrieved from Eurostat,
including the annual fertilizer use statistics (Eurostat
2019a, b), the annual crop statistics (Eurostat 2019c),
and the triennial Farm Structure Survey (FSS)
(Eurostat 2017). We primarily used data for the year
2013 since this was the most recent year with complete
data from the FSS, and because the other data sources
were also mostly available for 2013. The Eurostat data
are reported on different geographical levels of
Eurostat’s classification system known as NUTS
(Nomenclature of Territorial Units for Statistics),
where the member states (NUTS0 level) are subdi-
vided into NUTS1, 2 and 3 regions at increasing levels
of spatial resolution.We used NUTS2 data in all EU28
countries except Germany where livestock popula-
tions from the FSS are only reported at NUTS1 level.
This selection resulted in a total of 243 regions in the
EU28.
Full source code for the calculations is archived in
the Zenodo repository (Einarsson 2020, https://doi.
org/10.5281/zenodo.3610358). The output data (the
budgets and reference areas) are found in Online
Resource 1. Some further details about the method are
found in Online Resource 2.
Reference area
The P budget is calculated for a given reference area
and ideally includes all inputs and outputs on that area.
There are several possible choices for reference area.
We primarily chose the Utilised Agricultural Area
(UAA), i.e., the sum of cropland and permanent
grassland because this is the default option in
Eurostat’s nutrient budgets (Eurostat 2013, 2019a).
However, the UAA is not necessarily the most relevant
reference area since it may include extensively
managed areas where the annual surplus is close to
zero (Eurostat 2013, 2019a), resulting in an average
surplus for the UAA that is not representative of the
more intensive areas (see Introduction above). If the
aim is to reflect the typical nutrient surplus of intensive
agriculture, very extensive areas and their associated P
flows should ideally be excluded from the P budget
(Eurostat 2019a).
For example, there are some subnational regions in
Austria, Croatia, Greece, Italy, Spain, and the United
Kingdom where rough grazing (Eurostat crop code
J2000) and grasslands not in use (J3000) cover more
than 50% of the UAA. Mineral P inputs could be
assumed to be zero on these areas. However, the
manure P inputs are not zero on rough grazing areas
and thus would have to be subtracted from the regional
manure totals. Due to lacking data on grazing
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management (e.g., livestock density and the grazing
period’s length), we were unable to exclude the P
inputs from grazing animals and therefore kept the
rough grazing areas in the main results. It would be
straightforward to exclude the grasslands not in
production (J3000), but since they cover less than
4% of the UAA in all but a few subnational regions, we
opted for comparability to other studies and used the
UAA as our primary choice of reference area. In
addition, we calculated all the results for the smaller
reference area (UAA–J2000–J3000), excluding the
harvested/grazed yield on this land (see below), but
without changing manure or mineral fertilizer inputs.
Thus, this alternative calculation likely overestimates
the effect of choosing the smaller reference area, and
the comparison should be seen as an upper bound on
the effect of changing reference area.
Crop P harvests
The crop P harvest in each region was calculated from
crop harvests multiplied by crop P contents for 17 crop
categories, listed in Table 2. The selection of cate-
gories was a trade-off between the following aims: (1)
to maximize the availability of crop data, (2) to cover
almost all the UAA in the EU28, and (3) to have crop
categories with the same P content within each
category. This last aim is optimally achieved by going
to the most disaggregated level in Eurostat’s extensive
multi-level crop hierarchy (Eurostat 2019d), i.e., by
distinguishing as many crops as possible. However,
the two first aims are optimally achieved at a more
aggregated level since data coverage is higher for
more aggregated crops (e.g., there are typically more
data on the total of ‘‘Wheat and spelt’’ than on its
subcategories winter wheat, spring wheat, etc.). The
crop data after some gap-filling (see below) accounted
for more than 80% of the UAA in all countries except
the Netherlands (79% of the UAA covered), Latvia
(78%), Italy (76%), and Malta (68%). In each
subnational region, we assumed that the remaining
unaccounted area had an average P yield equal to the
average P yield of the reported productive crops
(excluding fallow and unused permanent grassland).
Table 1 Overview of method and data sources. See main text for further details
Component Data sources Comment
Crop P harvests
Crop areas and
harvests
Areas from FSS (Eurostat table ef_lus_allcrops).
Harvests from annual crop statistics (Eurostat
table apro_cpshr)
Data gaps filled by (1) summing sub-regions or sub-crops
were available, then (2) multiplying FSS areas by
available yield values from enclosing NUTS1/NUTS0
region
Permanent
grassland yields
Smit et al. (2008) Recalculated to subnational regions using NUTS 2010 GIS
data (Eurostat 2012) and environmental zones from
Metzger et al. (2005)
P contents Mainly Feedipedia and IPNI (see Table 2)
Manure P
Livestock
populations
FSS, Eurostat table ef_olsaareg.
Excretion factors Eurostat (2014), Velthof (2014) Data gaps filled using averages for animal category from
other countries
Mineral P fertilizer
Subnational
distribution of
fertilizer use
Eurostat mineral fertilizer use
(table aei_fm_usefert) for 15 countries, FADN
(2019) database for remaining 13
NUTS2/NUTS1 regions assigned weighted average of
FADN data weighted using intersecting area using GIS
files for NUTS 2010 data (Eurostat 2012) and FADN
(2015)
National total use
of P fertilizers
Eurostat (2019a) Subnational distributions scaled to agree with national
totals in Eurostat’s P budgets
Reference areas
Two different
areas
FSS (Eurostat table ef_lus_allcrops) See text for details
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Thus, the calculation produces an estimate of total P
harvest that covers the total reference area.
We scrutinized and gap-filled the crop data to
ensure a high data quality and sufficient coverage as
follows. Missing areas and harvests were gap-filled
using the sum of its sub-regions or sub-crops if
available. After this step, both harvests and areas were
available for a majority of crops in most regions. In
some cases subnational areas were known but harvests
missing, since the areas were taken from the more
detailed FSS. In these cases we estimated harvests
using crop yields from the closest larger region (i.e.,
for a NUTS2 region we checked first for a value in the
NUTS1 region, and if that was missing we used the
national crop yield). We also manually corrected and
removed a few outlier yield values as detailed in the
source code repository.
Since Eurostat does not report yields of permanent
grasslands, we used yield estimates for permanent
grassland established by Smit et al. (2008) for 12
environmental zones in Europe (Metzger et al. 2005).
For subnational regions overlapping multiple envi-
ronmental zones, we calculated an average yield using
the area fractions of the environmental zones in the
region as weights (see source code for full details).
These yields were assumed for all permanent grass-
land in use (Eurostat crop codes J1000 and J2000).
Manure P inputs
We estimated manure P inputs by multiplying live-
stock populations from the FSS with country-specific
P excretion factors reported by EU countries for use in
the Eurostat/OECD nutrient budgets (Eurostat 2014;
Velthof 2014). Most countries derive excretion factors
from mass balances: the P excretion equals feed P
input minus retained P in products such as meat, milk,
and eggs (Oenema et al. 2013). Other methods for
deriving excretion factors include direct manure
measurements, literature review, and expert judge-
ments, but these methods are less common among the
EU member states (Oenema et al. 2013). For countries
that do not report P excretion factors, Eurostat and
OECD use estimates based on N:P ratios from
available countries, provided the N excretion factor
is known, and otherwise P excretion coefficients are
Table 2 Crop categories and their P contents
Crop Basis P content
(g kg- 1)
References
Cereals except maize and rice DM 3.6 Feedipedia: Heuze´ et al. (2015d)
Grain maize DM 3.0 Feedipedia: Heuze´ et al. (2017b)
Rice FW 2.9 IPNI (2014)
Temporary grassland DM 2.5 IPNI (2014), average ryegrass and timothy
Permanent grassland DM 2.5 IPNI (2014), average ryegrass and timothy
Leguminous plants harvested
green
DM 3.1 Feedipedia: Heuze´ et al. (2015a, 2016), average red clover and
alfalfa
Green maize DM 1.9 Feedipedia: Heuze´ et al. (2017a)
Other crops harvested green DM 2.5 Mean of G1000, G2000, G3000
Rapeseed DM 7.3 Feedipedia: Heuze´ et al. (2019)
Sunflower seed DM 6.0 Feedipedia: Heuze´ et al. (2015b)
Soya DM 6.1 Feedipedia: Heuze´ et al. (2017c)
Linseed DM 6.3 Feedipedia: Heuze´ et al. (2015c)
Potatoes FW 0.7 IPNI (2014), potato tuber
Sugar beet FW 0.5 IPNI (2014), sugarbeet root
Citrus fruits FW 0.2 Czech et al. (2020)
Grapes FW 0.2 PHE (2019)
Olives FW 0.2 Lott et al. (2000), PHE (2019)
P contents are stated either per kg dry matter (DM) or fresh weight (FW), and used with corresponding production data from Eurostat
123
Nutr Cycl Agroecosyst
extrapolated from other countries (Velthof 2014). The
excretion factors apply to 2008 and/or 2009 (Eurostat
2014) and we used the latest available for each
country. Since the livestock categorisation differs
between excretion factors and the FSS population
data, we developed a conversion key to translate
between the two datasets. Where country-specific
excretion factors were missing we used the average
excretion factor for that livestock category among the
other countries.
Mineral P fertilizer inputs
In addition to national data on mineral P fertilizer use
for all EU28 member states, Eurostat publishes
subnational (NUTS2) data for 15 member states for
year 2013 (Austria, Cyprus, Czech Republic, Estonia,
Finland, France, Latvia, Lithuania, Luxembourg,
Malta, Poland, Romania, Slovakia, Spain, and Swe-
den) (Eurostat 2019b). For these 15 countries we used
Eurostat’s subnational data.
For the remaining 13 EU28 countries, we estimated
the subnational distribution using data from the Farm
Accountancy Data Network (European Commission
2014; FADN 2019). The EU28 member states increas-
ingly report P fertilizer use in the FADN data starting
in 2014 and reaching full coverage in 2017. We
calculated the average 2014–2017 within-country
distribution of P fertilizer use, rescaled to agree with
2013 national totals according to Eurostat. This
calculation has a couple of intricacies worth mention-
ing. First, the FADN uses a different subnational
regional division than Eurostat’s NUTS system; the
FADN regions mostly but not always coincide with
NUTS regions. Therefore we calculated the area
overlap between each NUTS region (Eurostat 2012)
and its intersecting FADN region(s) (FADN 2015),
and distributed the FADN fertilizer quantities in
proportion to this overlap (see the source code for
details). Second, comparing FADN’s subnational
distribution of mineral P fertilizers to Eurostat’s for
the 15 countries where subnational data are available,
we noted that the two datasets disagree considerably
(some 5–10 kg P ha- 1 y- 1) in a few cases, although
the two datasets broadly agree on the subnational
distribution. Eurostat’s distribution at NUTS2 level
looks more heterogeneous, which is not surprising
given that the NUTS2 regions are usually smaller than
the FADN regions. We used Eurostat’s subnational
data where available since they have higher spatial
resolution and were collected specifically for the
purpose of measuring regional mineral P use.
A final issue is that there are multiple and some-
times substantially different estimates of national total
P fertilizer use. Eurostat publishes fertilizer use data
from the member states (Eurostat 2019b) in addition to
national sales data from Fertilizers Europe (Eurostat
2019e). For about half of the countries, the two
datasets agree within some 10%, while in a few cases
the disagreement is about 20% and in extreme cases a
factor two or more. The reasons for these differences
are not clear. We noted, however, that the mineral P
use stated in Eurostat’s national nutrient budgets
(Eurostat 2019a) almost always agrees exactly with
one of the two datasets, and so we chose to rescale all
the subnational distributions to match the totals stated
in Eurostat’s national nutrient budgets (see Online
Resource 2 for details).
Excluded flows
Due to limited data availability, we excluded some P
flows from the budgets. Some of these are known to be
relatively minor (seed inputs, crop residue removal,
atmospheric P deposition) while others are hard to
judge and can sometimes have a substantial effect on
the results (manure trading within or between coun-
tries, manure withdrawals for processing, and appli-
cation of sewage sludge). Below, we discuss the
implications of excluding these flows from the soil P
budget.
Manure is sometimes transported from livestock
intensive regions to comply with limits on manure N
and P application, such as the Nitrates Directive’s
limit on manure N application, and various national
limits on P application (Amery and Schoumans 2014).
According to Eurostat (2011), manure trading proba-
bly only has a large effect in a few regions with high
livestock density such as the Netherlands, Brittany in
France, Flanders in Belgium, and the Po valley in
Italy. Most extreme is probably the Netherlands,
where net manure P exports between 2006 and 2015
increased from about 8 to 18% of manure production,
corresponding to 3–8 kg P ha- 1 y- 1 (van Grinsven
and Bleeker 2017; Eurostat 2019a). However, the data
reported by Eurostat only cover a few countries at
national level (Eurostat 2019a). Therefore, we
excluded manure trading in our P budgets but took
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extra care to interpret the results in light of the few data
points available. The implications of excluding
manure trade are further discussed in the ‘‘Discussion’’
section below.
Further, Eurostat’s nutrient budgets also account
for net removal of P with manure withdrawals for
processing. Manure withdrawals do not always imply
net removal of P: for example in biogas production the
manure P is preserved in the digester effluent (Eurostat
2011) and likely reapplied on agricultural land. Other
forms of manure withdrawals causing a net removal of
P are possible but data are scarce even at national level
(Eurostat 2013). Considering the limited data, we
excluded manure withdrawals from the P budgets.
Likewise, data on agricultural use of sewage sludge
in the EU are incomplete and Eurostat only gives
information on dry matter application (Eurostat 2019f)
which makes the corresponding P input uncertain. We
chose to exclude sewage sludge inputs from the
budgets. According to van Dijk et al. (2016, Supple-
mentary material S15) EU27 sewage sludge P appli-
cation in 2005 typically varied between 0 and
1 kg P ha- 1, with only six member states between 1
and 2 kg P ha- 1.
Finally, we excluded a few flows for which
subnational data are lacking but that are fairly well
known to be small at national level. First, inputs in
seeds and planting materials are included in Eurostat’s
national budgets and typically account for about
0.2 kg P ha- 1 y- 1 (Eurostat 2019a). We excluded
this flow because it is relatively small and subnational
data are lacking. Second, crop residues, mainly straw,
are harvested in large quantities for fodder, livestock
bedding material, and to a lesser extent for energy
purposes (Scarlat et al. 2010). However, the P
removed for fodder and bedding material is mostly
reapplied to agricultural soils via manure and litter, so
the net removal is small. On the other hand, crop
residues used for energy purposes, e.g., heat and power
production, can have a greater effect on the P budget.
Denmark, for example, incinerates about 2 million
tonnes of straw annually, or a quarter of the straw
production (Skøtt 2011). Although some of the P is
returned to agricultural land in ash, it may be
geographically redistributed among NUTS2 regions
after incineration in central power plants (Skøtt 2011).
However, assuming a straw P content of 0.1%, this
removal or reallocation is less than 1 kg P ha- 1 y- 1
in Denmark, Europe’s most intensive user of crop
residues for energy, and so the exclusion of crop
residue removal from agriculture is likely a small error
in most countries. Third and last, atmospheric depo-
sition of P is likely around 0.3 kg P ha- 1 y- 1
(Tipping et al. 2014) and was excluded, as also
suggested by the Eurostat/OECD nutrient budget
handbook (Eurostat 2013).
Comparison to other budgets
As a consistency check we compared our national
surpluses to those by Eurostat (2019a) and by van Dijk
et al. (2016). Our results are roughly comparable to
these despite some differences. The most important
difference to Eurostat’s budgets is that theirs includes
some data on manure trade as noted above. The
surplus calculated by van Dijk et al. (2016) is a soil
surface surplus, however including a few minor flows
that our analysis lacks, such as sewage sludge,
compost, and P contained in pesticides. Although the
surplus estimates by van Dijk et al. concern year 2005,
they should be roughly comparable to ours considering
that Eurostat’s budgets have not changed dramatically
between 2005 and 2013 (Eurostat 2019a). If any of the
three estimates deviates strongly from the others, it
suggests the presence of important differences in data
and/or methods which would be worth to investigate
further.
Results
Figure 1 shows the three terms of the budgets (crop
harvests, manure P inputs, and mineral P inputs)
expressed per hectare UAA. This illustrates (1) a wide
variation in overall P turnover on agricultural land,
and (2) specialization into crop or livestock farming.
Some regions, especially on the most fertile plains, are
dominated by specialized crop production and rela-
tively more supported by mineral P inputs, while areas
with more livestock have little or no mineral P inputs.
Figure 2 shows the P surplus calculated with the
two different reference areas (UAA, and UAA minus
the two extensive grassland categories as described in
the ‘‘Method’’ section). Using the smaller reference
area had a large effect on the surplus estimates in the
minority of the regions that have large shares of
extensive grassland, primarily parts of Austria,
Greece, Croatia, Italy, Spain, and the UK. In total,
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the P balance of 40 NUTS2 regions increased by more
than 5 kg P ha- 1 y- 1 with the alternative reference
area (see Online Resource 2 for a map). The largest
difference occurred in the Scottish Highlands and
Islands, where the extensive grassland categories
J2000 and J3000 cover 84% of the total UAA.
As expected, subnational surpluses can be quite
different from national averages. For example, the
national surplus in France is only 2 kg P ha- 1 y- 1,
while subnational surpluses range from
- 10 kg P ha- 1 y- 1 in Picardy in the Paris basin to
25 kg P ha- 1 y- 1 in Brittany. Similarly, high
surpluses deviating substantially from national aver-
ages are found in Catalonia, Valencia, and Murcia in
Spain, the Po valley in northern Italy, Noord-Brabant
in the Netherlands, and Flanders in Belgium.
Comparing the surplus (Fig. 2) to the three budget
terms (Fig. 1), it is seen that the most extreme
surpluses occur in livestock-rich regions such as
Belgium, the Netherlands, and eastern Spain. Some
of these extreme surpluses are overestimated since our
model does not account for manure trade between
regions; for example, Limburg and Noord-Brabant in
the Netherlands in 2013 exported about 13,000 t of
manure P to neighboring regions or countries (van
Grinsven and Bleeker 2017), corresponding to 50% of
the excreted manure or about 30 kg P ha- 1, which
implies a surplus of 25–30 kg P ha- 1 y- 1 rather than
55–60 kg P ha- 1 y- 1 as our results indicate. How-
ever, substantial surpluses of 10–20 kg P ha- 1 y- 1
occur also in some regions with little manure input, for
example in parts of Poland and in parts of the
Mediterranean region. Negative surpluses (deficits)
below - 5 kg P ha- 1 y- 1 are found mainly in
Bulgaria, eastern Denmark, eastern UK, and parts of
Germany and France. Most of the P harvest in the
deficit regions is in cereals, which covers roughly half
of the UAA in these regions. Some of these deficit
regions also have relatively large areas of oilseed and
sugar beet cultivation (ca. 20% of UAA in the Paris
basin), and sunflower seed (ca. 25% of UAA in
Bulgaria).
Figure 3 further illustrates the joint variation in
harvests, manure and mineral inputs, and surpluses.
This reveals a rich structure of different types of
regions. The vast majority of the agricultural area
receives a mix of mineral andmanure inputs, with total
inputs around 10–20 kg P ha- 1 y- 1 and surpluses
around 0–10 kg P ha- 1 y- 1; the most extreme sur-
plus regions account only for a very small part of the
agricultural area. Figure 3 also shows that deficits
occur both where harvests are moderate and where
harvests are very high. Notably there is an area of
about 18 Mha with P deficits despite inputs above 15
kg P ha- 1 y- 1 (the rightmost yellow markers in the
lower panel of Fig. 3). This is almost exclusively the
highly productive plains of France, Germany, and the
UK.
Figure 4 compares our national surplus estimates to
the 2013 estimates by Eurostat (2019a) and 2005
estimates by van Dijk et al. (2016). The results are
Fig. 1 The three terms of the P budget, using UAA as reference
area
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broadly similar between the three studies, although
there are a few large discrepancies. There are several
reasons for these discrepancies, including at least the
following. First, as we did not account for manure
trading, our P surpluses for the Netherlands and
Belgium are higher than Eurostat’s; their data on net
manure withdrawals, which include net exports and
withdrawals for non-agricultural use and processing
(Eurostat 2019a), corresponded to a surplus reduction
of 10 and 5 kg P ha- 1 y- 1 for the Netherlands and
Belgium, respectively. Second, for Italy we identified
a probable reporting error in Eurostat’s P budget,
resulting in a substantially higher crop P output
compared to our estimate and thus a P deficit (see
Online Resource 2). Third, for Spain and the UK, we
noted substantial differences in reference area
between our study and Eurostat’s, contributing to a
lower surplus in Spain and a higher surplus in UK in
Eurostat’s indicator (Eurostat 2019a). These differ-
ences arise as Eurostat’s budgets do not use the UAA
from the FSS as reference area for Spain and the UK.
Eurostat’s reference area is 36% larger than the FSS
UAA for Spain and 29% smaller for the UK.
Discussion
This paper demonstrates a method to calculate soil
surface P budgets for 243 subnational regions in
EU28. The work has generated several important
lessons concerning method choices and data sources.
We first discuss the choices of reference area and
spatial resolution, and how these influence the rele-
vance of the surplus as an indicator. We then move on
to some more specific issues concerning data and data
gaps.
Reference areas, spatial resolution,
and the relevance of the surplus
As explained in the ‘‘Introduction’’ section, a nutrient
budget for a heterogeneous mix of systems may fail to
Fig. 2 Comparison of P
surpluses in EU28,
calculated at subnational
level (top panels) and
national level (bottom
panels), and with the whole
UAA as reference area (left
hand side), and excluding
extensive grasslands (right
hand side). See main text for
details
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identify large nutrient surpluses or deficits because
different subsystems are averaged and variations are
thus smoothed out. As an environmental indicator, the
nutrient surplus is then a false negative, raising no
concern although it ideally should. This paper explores
two different ways to correct for this problem.
The first way is the one proposed for Eurostat’s
national nutrient budgets, namely to ‘‘relate to the
potential fertilised area, excluding very extensive
unfertilised areas, to make comparisons [...] useful and
to identify the potential risks of agricultural produc-
tion to the environment’’ (Eurostat 2019a). However,
this aim is not yet reached: ‘‘Extensive areas to be
excluded from the balance have not been defined yet.
Some countries however have identified and excluded
certain extensive areas in their balance estimations’’
(Eurostat 2019a). As a sensitivity analysis, we there-
fore tried excluding Eurostat’s crop categories for
rough grazing and unused grassland (Figs. 2, 4) and
noted that it does affect the surplus estimates heavily
in some regions dominated by extensive grassland.
This simple calculation likely overestimates the effect
size, since it excludes the extensive grassland’s
harvest but includes all manure and mineral fertilizer,
and therefore the difference is to be interpreted an
Fig. 3 Scatter plots where each point represents one of the 243
subnational regions. The point sizes correspond to UAA, and
colors to the surplus per hectare UAA. The horizontal axis is the
same for both panels, showing total P inputs (manure ? mineral
fertilizer) per hectare UAA. The two panels together demon-
strate a considerable heterogeneity in P budgets. See main text
for details
Fig. 4 Comparison of national P surpluses on. ‘‘Whole UAA’’
and ‘‘Excl. extensive grass’’ refer to the two different reference
areas in this study. Our surplus estimates using UAA as
reference area generally agree best with Eurostat’s, except for
the UK where excluding extensive grassland gives a much
closer match
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upper bound on the effect of excluding extensive
grasslands.
The second way to correct for the averaging
problem is to increase the spatial resolution. Increas-
ing the resolution from national to subnational level
decreases the amount of heterogeneity in each region
and instead increases the differences between regions,
as seen in Fig. 2.
Here, we demonstrate that both approaches can
affect surplus estimates considerably. As seen in
Figs. 2 and 4, both approaches, alone or in combina-
tion, sometimes change surplus estimates by 10 kg P
ha- 1 y- 1 or more. As our model lacks data on manure
trade, it exaggerates the surplus heterogeneity between
some regions, and it should not be used when it is
important to avoid false positives, i.e., warnings of
surpluses or deficits that on closer inspection do not
exist. However, if the risk of a few false positives can
be tolerated, the subnational budgets are likely a more
sensitive indicator of trends in agricultural P turnover.
In principle, the spatial resolution could be
increased further to reveal even more heterogeneity.
The logical endpoint would be to make separate
budgets for each farm, each field, or even finer
subdivisions, until eventually all heterogeneity would
be fully represented. However, this is obviously not
possible with the available data. The highest-resolu-
tion N and P budgets (e.g., Grizzetti et al. 2007; Leip
et al. 2011; Britz andWitzke 2014) depend to a greater
extent on assumptions and downscaling methods that
introduce additional uncertainty, a typical case of the
trade-off between accuracy and precision. Is it worth
to further increase the spatial resolution belowNUTS2
level? This is partly an empirical question (Le Noe¨
et al. 2018b; van Leeuwen et al. 2019), but partly also a
question of what use is intended for the nutrient
budget.
Interestingly, it is also relevant to map P flows on a
coarser scale than the national. International trade of
agricultural products and fertilizers moves large P
quantities between countries and even continents. For
example, South America and South Asia mainly
import mineral P fertilizers, while Western Europe
imports a considerable share of its animal feed
(Schipanski and Bennett 2012; Nesme et al. 2018).
These global trade patterns are directly linked to P
flows at the finer spatial scale; for example, some
heavily feed importing countries in Western Europe
are clearly oversupplied with P and therefore require
systems for P redistribution and recycling to minimize
environmental impacts and resource waste. Indeed,
the agricultural specialization demonstrated here at
subnational level is permitted, and partly caused, by
international trade (Nesme et al. 2018). This means it
is also important to understand driving factors at a
higher level while considering measures for more
sustainable P management at the local level.
Data availability and quality
There are considerable uncertainties in P budgets even
at national scale due to gaps and inconsistencies in
data. Important examples (see ‘‘Method’’ section)
include permanent grassland yields, P excretion
coefficients for livestock, national use of mineral P
fertilizers, and international manure trade. Some
indication of these uncertainties is found comparing
our results at national level to two other state-of-the art
estimates (van Dijk et al. 2016; Eurostat 2019a).While
the three estimates broadly agree, there are a handful
of large discrepancies, likely explained by different
methods to estimate flows for which data are scarce.
To make the different budget calculations more
comparable, a substantial effort would be needed in
harmonising definitions and input data. A good
starting point for further inquiry would be to look
closer at those countries where the three estimates
clearly disagree. We have highlighted a few differ-
ences in the ‘‘Results’’ section above, but a detailed
comparison of the three budget estimates is outside the
scope of this paper.
The data coverage only gets worse moving to
subnational resolution. For crop areas and harvests, the
data gaps were moderate and were well addressed by
our gap-filling procedure. However, subnational data
coverage was much worse concerning mineral P
fertilizers (where Eurostat’s subnational statistics only
covered 15 of 28 member states) and manure trade
(where very little data was available even at national
level). Our subnational estimate of mineral P fertilizer
use, combining the Eurostat and FADN databases, is
probably hard to improve without searching national
statistical databases for more subnational data. Con-
cerning manure trade, an improvement to our model
would be possible by consulting various national data
sources and experts, but this would be a substantial
effort and it falls outside the scope of this paper which
aims to explore how well subnational budgets can be
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estimated from public, international datasets that are
continually updated. Thus, we exclude manure trade
with the caveat that it has a large effect on subnational
budgets in the most livestock-dense regions (where
surpluses are overestimated) and their neighboring
regions (which likely import manure and where
surpluses are likely underestimated).
Finally, we highlight the well-known lack of
reliable and comparable data on permanent grassland
management and productivity. Given the large areas of
permanent grassland throughout EU agriculture it is a
continuing source of uncertainty at national and
subnational levels alike.
Estimating N budgets using a similar method
Most of the methods and data sources used here could
also be used to establish subnational N budgets for EU
agriculture, although there are a fewmore components
in N budgets, including biological N fixation, gaseous
losses of ammonia from animal houses and manure
storage, and inputs of atmospheric N deposition. Soil
surface N budgets would also not be directly compa-
rable to Eurostat’s national N budgets, which are so-
called Gross Nitrogen Budgets (Eurostat 2013) with a
different system boundary that includes the whole
agricultural system (most importantly, the Gross
Nitrogen Surplus includes gaseous N emissions from
livestock systems). However, there are established
methods to estimate all these flows and thus it seems
straightforward to establish soil surface N budgets
and/or Gross N Budgets at the same subnational
resolution used here.
Conclusions
This paper presents a method to estimate soil surface P
budgets for 243 subnational regions in EU28. This is
about the maximum spatial resolution that can be
achieved mainly using international datasets such as
the Eurostat and FADN databases.
Increasing the spatial resolution from national to
subnational is one way to address the problem that
national nutrient budgets sometimes mask consider-
able heterogeneity, i.e., regional surpluses and deficits
that are not seen in national averages. Another
approach is to choose a different reference area,
excluding extensively managed grasslands, to better
represent the surplus in intensive agriculture areas.
Here, we show that both approaches are useful and
sometimes important as they can affect P surpluses by
about 10 kg P ha- 1 y- 1 or more (Figs. 2, 4).
There are considerable data gaps and inconsisten-
cies, even for national budgets (Fig. 4). For example,
there is little data on the manure traded between
regions or countries, and this probably introduces a
large bias in the surplus estimates for some subna-
tional regions and even countries. Further, permanent
grassland yields are not routinely measured and we
relied on the estimate by Smit et al. (2008). Finally,
data on mineral P inputs are sometimes inconsistent
even at national level (see ‘‘Method’’ section), and
Eurostat’s subnational statistics cover only 15 of the
EU28 countries. We therefore devised a novel
approach to combine subnational distributions accord-
ing to Eurostat (15 countries) and FADN (13 coun-
tries), all rescaled to agree with Eurostat’s national P
budgets.
Similar subnational budgets could be established
for N with some additions to this method. The same
data limitations would largely apply, but given the
considerable heterogeneity revealed within countries
by these P budgets it seems worthwhile to establish
subnational N budgets in a similar fashion.
In the end, how far to increase the spatial resolution
is a trade-off between accuracy and precision. The
most accurate budgets are arguably the national ones,
but they sometimes fail to identify considerable P
surpluses and deficits within countries. Increasing the
precision (spatial resolution) gradually reveals this
heterogeneity but comes at the cost of growing data
gaps. These subnational budgets represent a middle
ground between national budgets (Eurostat 2013; van
Dijk et al. 2016) and the most disaggregated budgets
(Grizzetti et al. 2007; Leip et al. 2011; Britz and
Witzke 2014); and as our subnational budgets primar-
ily use data from international databases that are
regularly updated they may prove useful as one
indicator among others to monitor the development
of environmental risks and resource problems over
time.
Acknowledgements Open access funding provided by
Chalmers University of Technology. Rasmus Einarsson
gratefully acknowledges generous funding from Go¨teborgs
Handelskompanis deposition. The authors thank two
anonymous reviewers for constructive comments.
123
Nutr Cycl Agroecosyst
Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any med-
ium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in
the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.
References
Amery F, Schoumans OF (2014) Agricultural phosphorus leg-
islation in Europe. Institute for Agricultural and Fisheries
Research (ILVO), Merelbeke
Azevedo LB, Henderson AD, van Zelm R et al (2013) Assessing
the importance of spatial variability versus model choices
in life cycle impact assessment: the case of freshwater
eutrophication in Europe. Environ Sci Technol
47:13565–13570. https://doi.org/10.1021/es403422a
Bennett EM, Schipanski ME (2013) The phosphorus cycle. In:
Fundamentals of ecosystem science. Elsevier, Amsterdam,
pp 159–178
Britz W, Witzke HP (2014) CAPRI model documentation.
https://www.capri-model.org/dokuwiki/doku.php?id=
start. Accessed 16 Jan 2020
Czech A, Zarycka E, Yanovych D et al (2020) Mineral content
of the pulp and peel of various citrus fruit cultivars. Biol
Trace Elem Res 193:555–563. https://doi.org/10.1007/
s12011-019-01727-1
Einarsson R, Cederberg C, Kallus J (2018) Nitrogen flows on
organic and conventional dairy farms: a comparison of
three indicators. Nutr Cycl Agroecosyst 110:25–38. https://
doi.org/10.1007/s10705-017-9861-y
Einarsson R, Cederberg C (2019) Is the nitrogen footprint fit for
purpose? An assessment of models and proposed uses.
J Environ Manag 240:198–208. https://doi.org/10.1016/j.
jenvman.2019.03.083
Einarsson R (2020) Source code for subnational P budgets in
EU28 for 2013. Zenodo. https://doi.org/10.5281/zenodo.
3610358
European Commission (2006) COM (2006) 508 final
European Commission (2014) Definitions of variables used in
FADN standard results. RI/CC 882 Rev.9.2
Eurostat (2011) Working document for the task force on gross
nutrient balances: discussion and recommendations for the
follow-up of Diredate recommendations on nutrient flows
and related data needs, with the aim of improving gross
nutrient balances. https://circabc.europa.eu/sd/d/8f1cafc4-
fd1b-48a0-8d22-d962bee32fd2/00%20Working%
20Document%20Latest%20version.pdf. Accessed 10 Jan
2020
Eurostat (2012) NUTS 2010 GIS data. https://ec.europa.eu/
eurostat/web/gisco/geodata/reference-data/administrative-
units-statistical-units/nuts. Accessed 15 Jan 2020
Eurostat (2013) Nutrient budgets—methodology and handbook.
Version 1.02. Eurostat and OECD, Luxembourg
Eurostat (2014) Reports and data files from Livedate project.
https://ec.europa.eu/eurostat/web/agriculture/agri-
environmental-indicators/projects. Accessed 9 Jan 2020
Eurostat (2017) Farm structure (ef). https://ec.europa.eu/
eurostat/cache/metadata/en/ef_esms.htm. Accessed 15
Jan 2020
Eurostat (2019a) Gross nutrient balance (aei_pr_gnb). https://ec.
europa.eu/eurostat/cache/metadata/en/aei_pr_gnb_esms.
htm. Accessed 16 Dec 2019
Eurostat (2019b) Consumption of inorganic fertilizers
(aei_fm_usefert). https://ec.europa.eu/eurostat/cache/
metadata/en/aei_fm_usefert_esms.htm. Accessed 9 Jan
2020
Eurostat (2019c) Crop production (apro_cp). https://ec.europa.
eu/eurostat/cache/metadata/en/apro_cp_esms.htm. Acces-
sed 15 Jan 2020
Eurostat (2019d) Annual Crop Statistics Handbook (2019 Edi-
tion). Eurostat. https://ec.europa.eu/eurostat/cache/metadata/
Annexes/apro_cp_esms_an1.pdf. Accessed 16 May 2019
Eurostat (2019e) Sales of manufactured fertilizers (source:
Fertilizers Europe) (aei_fm_manfert). https://ec.europa.eu/
eurostat/cache/metadata/en/aei_fm_manfert_esms.htm.
Accessed 9 Jan 2020
Eurostat (2019f) Water statistics on national level (env_nwat).
https://ec.europa.eu/eurostat/cache/metadata/en/env_
nwat_esms.htm. Accessed 10 Jan 2020
FADN (2015) FADN GIS data. https://ec.europa.eu/agriculture/
rica/images/othermaps/FADN_RICA_PL_2012_20M_
shape.7z. Accessed 15 Jan 2020
FADN (2019) FADN standard results database, May 2019
version
Garnier J, Lassaletta L, Billen G et al (2015) Phosphorus budget
in the water-agro-food system at nested scales in two
contrasted regions of the world (ASEAN-8 and EU-27).
Glob Biogeochem Cycles 29:1348–1368. https://doi.org/
10.1002/2015GB005147
Godinot O, Carof M, Verte`s F, Leterme P (2014) SyNE: an
improved indicator to assess nitrogen efficiency of farming
systems. Agric Syst 127:41–52. https://doi.org/10.1016/j.
agsy.2014.01.003
Grizzetti B, Bouraoui F, Aloe A (2007) Spatialised European
nutrient balance (JRC36653). Office for Official Publica-
tions of the European Communities. http://publications.jrc.
ec.europa.eu/repository/handle/111111111/8344
Henryson K, Hansson P-A, Sundberg C (2017) Spatially dif-
ferentiated midpoint indicator for marine eutrophication of
waterborne emissions in Sweden. Int J Life Cycle Assess.
https://doi.org/10.1007/s11367-017-1298-7
Heuze´ V, Tran G, Giger-Reverdin S, Lebas F (2015a) Red
clover (Trifolium pratense). In: Feedipedia, a programme
by INRA, CIRAD, AFZ and FAO. https://www.feedipedia.
org/node/246. Accessed 15 Jan 2020
Heuze´ V, Tran G, Hassoun P et al (2015b) Sunflower seeds. In:
Feedipedia, a programme by INRA, CIRAD, AFZ and
FAO. https://www.feedipedia.org/node/40. Accessed 15
Jan 2020
123
Nutr Cycl Agroecosyst
Heuze´ V, Tran G, Hassoun P et al (2015c) Linseeds. In: Feed-
ipedia, a programme by INRA, CIRAD, AFZ and FAO.
https://www.feedipedia.org/node/36. Accessed 15 Jan
2020
Heuze´ V, Tran G, Renaudeau D et al (2015d) Wheat grain. In:
Feedipedia, a programme by INRA, CIRAD, AFZ and
FAO. https://www.feedipedia.org/node/223. Accessed 15
Jan 2020
Heuze´ V, Tran G, Boval M et al (2016) Alfalfa (Medicago
sativa). In: Feedipedia, a programme by INRA, CIRAD,
AFZ and FAO. https://www.feedipedia.org/node/275.
Accessed 15 Jan 2020
Heuze´ V, Tran G, Edouard N, Lebas F (2017a) Maize silage. In:
Feedipedia, a programme by INRA, CIRAD, AFZ and
FAO. https://www.feedipedia.org/node/13883. Accessed
15 Jan 2020
Heuze´ V, Tran G, Lebas F (2017b) Maize grain. In: Feedipedia,
a programme by INRA, CIRAD, AFZ and FAO. https://
www.feedipedia.org/node/556. Accessed 15 Jan 2020
Heuze´ V, Tran G, Nozie`re P et al (2017c) Soybean seeds. In:
Feedipedia, a programme by INRA, CIRAD, AFZ and
FAO. https://www.feedipedia.org/node/42. Accessed 15
Jan 2020
Heuze´ V, Tran G, Sauvant D et al (2019) Rapeseeds. In: Feed-
ipedia, a programme by INRA, CIRAD, AFZ and FAO.
https://www.feedipedia.org/node/15617. Accessed 15 Jan
2020
Hong B, Swaney DP, Mo¨rth C-M et al (2012) Evaluating
regional variation of net anthropogenic nitrogen and
phosphorus inputs (NANI/NAPI), major drivers, nutrient
retention pattern and management implications in the
multinational areas of Baltic Sea basin. Ecol Model
227:117–135. https://doi.org/10.1016/j.ecolmodel.2011.
12.002
Hong B, Swaney DP, McCrackin M et al (2017) Advances in
NANI and NAPI accounting for the Baltic drainage basin:
spatial and temporal trends and relationships to watershed
TN and TP fluxes. Biogeochemistry 133:245–261. https://
doi.org/10.1007/s10533-017-0330-0
IPNI (2014) IPNI estimates of nutrient uptake and removal.
http://www.ipni.net/article/IPNI-3296. Accessed 8 Jan
2020
Langeveld JWA, Verhagen A, Neeteson JJ et al (2007) Evalu-
ating farm performance using agri-environmental indica-
tors: recent experiences for nitrogen management in the
Netherlands. J EnvironManag 82:363–376. https://doi.org/
10.1016/j.jenvman.2005.11.021
Lassaletta L, Billen G, Grizzetti B et al (2014) 50 year trends in
nitrogen use efficiency of world cropping systems: the
relationship between yield and nitrogen input to cropland.
Environ Res Lett 9:105011. https://doi.org/10.1088/1748-
9326/9/10/105011
Le Noe¨ J, Billen G, Garnier J (2017) How the structure of agro-
food systems shapes nitrogen, phosphorus, and carbon
fluxes: the generalized representation of agro-food system
applied at the regional scale in France. Sci Total Environ
586:42–55. https://doi.org/10.1016/j.scitotenv.2017.02.
040
Le Noe¨ J, Billen G, Esculier F, Garnier J (2018a) Long-term
socioecological trajectories of agro-food systems revealed
by N and P flows in French regions from 1852 to 2014.
Agric Ecosyst Environ 265:132–143. https://doi.org/10.
1016/j.agee.2018.06.006
Le Noe¨ J, Garnier J, Billen G (2018b) Phosphorus management
in cropping systems of the Paris Basin: from farm to
regional scale. J Environ Manag 205:18–28. https://doi.
org/10.1016/j.jenvman.2017.09.039
Leip A, Achermann B, Billen G et al (2011) Integrating nitrogen
fluxes at the European scale. In: The European nitrogen
assessment. Cambridge University Press, Cambridge
Lott JNA, Ockenden I, Raboy V, Batten GD (2000) Phytic acid
and phosphorus in crop seeds and fruits: a global estimate.
Seed Sci Res 10:11–33. https://doi.org/10.1017/
S0960258500000039
MetzgerMJ, Bunce RGH, Jongman RHG et al (2005) A climatic
stratification of the environment of Europe. Glob Ecol
Biogeogr 14:549–563. https://doi.org/10.1111/j.1466-
822X.2005.00190.x
Mu W, van Middelaar CE, Bloemhof JM et al (2016) Nutrient
balance at chain level: a valuable approach to benchmark
nutrient losses of milk production systems. J Clean Prod
112:2419–2428. https://doi.org/10.1016/j.jclepro.2015.09.
116
Nesme T, Metson GS, Bennett EM (2018) Global phosphorus
flows through agricultural trade. Glob Environ Change
50:133–141. https://doi.org/10.1016/j.gloenvcha.2018.04.
004
OECD (2013) OECD compendium of agri-environmental
indicators. OECD Publishing, Paris
Oenema O, Kros H, de Vries W (2003) Approaches and
uncertainties in nutrient budgets: implications for nutrient
management and environmental policies. Eur J Agron
20:3–16. https://doi.org/10.1016/S1161-0301(03)00067-4
Oenema O, Sebek L, Kros H, Lesschen JP, van Krimpen M,
Bikker P, van Vuuren A, Velthof G (2013) Methodological
studies in the field of agro-environmental indicators. In:
Lot 1 excretion coefficients. Analyses of the coherence,
differences and best practices. Alterra, Wageningen. http://
ec.europa.eu/eurostat/documents/2393397/8259002/
LiveDate_2014_Task3.pdf/0fa51abc-ec04-4a63-b901-
b75fd5ce7fb7. Accessed 9 Jan 2020
O¨zbek F, Leip A (2015) Estimating the gross nitrogen budget
under soil nitrogen stock changes: a case study for Turkey.
Agric Ecosyst Environ 205:48–56. https://doi.org/10.1016/
j.agee.2015.03.008
PHE (2019) McCance and Widdowson’s the composition of
foods integrated dataset 2019. https://www.gov.uk/
government/publications/composition-of-foods-
integrated-dataset-cofid. Accessed 15 Jan 2020
Quemada M, Lassaletta L, Jensen LS et al (2020) Exploring
nitrogen indicators of farm performance among farm types
across several European case studies. Agric Syst
177:102689. https://doi.org/10.1016/j.agsy.2019.102689
Scarlat N,MartinovM, Dallemand J-F (2010) Assessment of the
availability of agricultural crop residues in the European
Union: potential and limitations for bioenergy use. Waste
Manag 30:1889–1897. https://doi.org/10.1016/j.wasman.
2010.04.016
Schipanski ME, Bennett EM (2012) The influence of agricul-
tural trade and livestock production on the global phos-
phorus cycle. Ecosystems 15:256–268. https://doi.org/10.
1007/s10021-011-9507-x
123
Nutr Cycl Agroecosyst
Schro¨der JJ, Aarts HFM, ten Berge HFM et al (2003) An eval-
uation of whole-farm nitrogen balances and related indices
for efficient nitrogen use. Eur J Agron 20:33–44. https://
doi.org/10.1016/S1161-0301(03)00070-4
Skøtt T (2011) Straw to energy. Status, technologies and inno-
vation in Denmark 2011. Agro Business Park A/S, Tjele
Smit HJ, Metzger MJ, Ewert F (2008) Spatial distribution of
grassland productivity and land use in Europe. Agric Syst
98:208–219. https://doi.org/10.1016/j.agsy.2008.07.004
Sutton MA, Howard CM, Erisman JW, Billen G, Bleeker A,
Grennfelt P, van Grinsven H, Grizzetti B (eds) (2011) The
European nitrogen assessment: sources, effects and policy
perspectives. Cambridge University Press, Cambridge
Tipping E, Benham S, Boyle JF et al (2014) Atmospheric
deposition of phosphorus to land and freshwater. Environ
Sci Process Impacts 16:1608–1617. https://doi.org/10.
1039/C3EM00641G
To´th G, Guicharnaud R-A, To´th B, Hermann T (2014) Phos-
phorus levels in croplands of the European Union with
implications for P fertilizer use. Eur J Agron 55:42–52.
https://doi.org/10.1016/j.eja.2013.12.008
van Dijk KC, Lesschen JP, Oenema O (2016) Phosphorus flows
and balances of the European Union Member States. Sci
Tot Environ 542:1078–1093. https://doi.org/10.1016/j.
scitotenv.2015.08.048
van Grinsven H, Bleeker A (2017) Evaluation of the manure and
fertilisers act 2016: synthesis report. PBL Netherlands
Environmental Assessment Agency, The Hague
van LeeuwenMMWJ, vanMiddelaar CE, Oenema J et al (2019)
The relevance of spatial scales in nutrient balances on dairy
farms. Agric Ecosyst Environ 269:125–139. https://doi.
org/10.1016/j.agee.2018.09.026
Velthof GL (2014) Task 1 of methodological studies in the field of
agro-environmental indicators. In: Lot 1 excretion factors.
Final draft. Alterra. http://ec.europa.eu/eurostat/documents/
2393397/8259002/LiveDate_2014_Task1.pdf/e1ac8f30-
3c76-4a61-b607-de99f98fc7cd. Accessed 9 Jan 2020
Walan P, Davidsson S, Johansson S, Ho¨o¨k M (2014) Phosphate
rock production and depletion: regional disaggregated
modeling and global implications. Resour Conserv Recycl
93:178–187. https://doi.org/10.1016/j.resconrec.2014.10.
011
Yang X, Post WM, Thornton PE, Jain A (2013) The distribution
of soil phosphorus for global biogeochemical modeling.
Biogeosciences 10:2525–2537. https://doi.org/10.5194/
bg-10-2525-2013
Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.
123
Nutr Cycl Agroecosyst
